Ketamine, a non-competitive N-methyl-D-aspartate (NMDA) antagonist, widely used as an anesthetic in neonatal pediatrics, is also an illicit drug named Super K or KitKat consumed by teens and young adults. In the immature brain, despite several studies indicating that NMDA antagonists are neuroprotective against excitotoxic injuries, there is more and more evidence indicating that these molecules exert a deleterious effect by suppressing a trophic function of glutamate. In the present study, we show using Gad67-GFP mice that prenatal exposure to ketamine during a time-window in which GABAergic precursors are migrating results in (i) strong apoptotic death in the ganglionic eminences and along the migratory routes of GABAergic interneurons; (ii) long-term deficits in interneuron density, dendrite numbers and spine morphology; (iii) a sex-dependent deregulation of c-aminobutyric acid (GABA) levels and GABA transporter expression; (iv) sex-dependent changes in the response to glutamateinduced calcium mobilization; and (v) the long-term sex-dependent behavioral impairment of locomotor activity. In conclusion, using a preclinical approach, the present study shows that ketamine exposure during cortical maturation durably affects the integration of GABAergic interneurons by reducing their survival and differentiation. The resulting molecular, morphological and functional modifications are associated with sex-specific behavioral deficits in adults. In light of the present data, it appears that in humans, ketamine could be deleterious for the development of the brain of preterm neonates and fetuses of addicted pregnant women. Cell Death and Disease (2014) 5, e1311; doi:10.1038/cddis.2014.275; published online 3 July 2014 Neonatal brain lesions, which affect both preterm and term infants, result in cerebral palsy and cognitive deficits.
Ketamine, a non-competitive N-methyl-D-aspartate (NMDA) antagonist, widely used as an anesthetic in neonatal pediatrics, is also an illicit drug named Super K or KitKat consumed by teens and young adults. In the immature brain, despite several studies indicating that NMDA antagonists are neuroprotective against excitotoxic injuries, there is more and more evidence indicating that these molecules exert a deleterious effect by suppressing a trophic function of glutamate. In the present study, we show using Gad67-GFP mice that prenatal exposure to ketamine during a time-window in which GABAergic precursors are migrating results in (i) strong apoptotic death in the ganglionic eminences and along the migratory routes of GABAergic interneurons;
(ii) long-term deficits in interneuron density, dendrite numbers and spine morphology; (iii) a sex-dependent deregulation of c-aminobutyric acid (GABA) levels and GABA transporter expression; (iv) sex-dependent changes in the response to glutamateinduced calcium mobilization; and (v) the long-term sex-dependent behavioral impairment of locomotor activity. In conclusion, using a preclinical approach, the present study shows that ketamine exposure during cortical maturation durably affects the integration of GABAergic interneurons by reducing their survival and differentiation. The resulting molecular, morphological and functional modifications are associated with sex-specific behavioral deficits in adults. In light of the present data, it appears that in humans, ketamine could be deleterious for the development of the brain of preterm neonates and fetuses of addicted pregnant women.
Cell Death and Disease (2014) 5, e1311; doi:10.1038/cddis.2014.275; published online 3 July 2014
Neonatal brain lesions, which affect both preterm and term infants, result in cerebral palsy and cognitive deficits. 1 The main risks associated with these lesions are prematurity, hypoxia-ischemia, hemorrhages, fetal-placental infections and exposure to toxins. 1, 2 Although the underlying neurochemical processes are complex and only partially elucidated, the production of pro-inflammatory cytokines, free-radical stress induced by both reactive oxygen and nitrogen species, and the massive release of glutamate at both synaptic and extrasynaptic sites, leading to an excitotoxic cell death, have been described. 3, 4 In particular, because of its high permeability to calcium, the N-methyl-D-aspartate (NMDA) receptor has been shown to have a key role in excitotoxicity, and several studies reported that NMDA receptor antagonists exert a protective effect in both adults and neonates. [4] [5] [6] However, the innocuousness of NMDA antagonists in the developing brain is debatable. Indeed, several research groups have described a deleterious effect of molecules such as MK801 or memantine in the immature neocortex. 4, [7] [8] [9] In particular, it has been shown that MK801 exerts a dual effect in cultured cortical slices from mouse neonates; although it reduces excitotoxic death in the deep cortical layers V and VI, it has a pro-apoptotic effect on immature GABAergic interneurons present in the superficial layers II-IV. 7 Because of its short onset of action, rapid clearance and low influence on respiratory and cardiac functions, ketamine is an anesthetic widely used in neonatal pediatrics. 10, 11 However, similar to MK801, ketamine is a non-competitive NMDA-receptor blocker, and even though its effects are less long-lasting than those of MK801, recent studies point to neurotoxic effects of ketamine in the immature brain of rats and non-human primates. 12, 13 These reports raise the possibility that ketamine could also have deleterious effects in the developing human brain. 14 Moreover, ketamine is also listed as an illicit drug (named Special K, KitKat or Super K) in most countries and is increasingly used by teens and young adults at raves, with the associated risk of addiction and consumption during pregnancy. 15 , 16 It appears, therefore, that the clinical use of ketamine in pediatrics as well as drugabuse practices lead to a risk of perinatal exposure during a time-window in which GABAergic interneurons are still differentiating.
Based on our recent demonstration that MK801 affects the survival of GABAergic interneurons, we hypothesized that ketamine would also interfere with the GABAergic system and result in long-term deficits. Here we tested this hypothesis by using Gad67-GFP transgenic mice to investigate ex vivo and in vivo the effects of prenatal exposure to ketamine on (i) the survival of GABAergic precursors, (ii) the molecular and morphometric characteristics of GABAergic interneuron differentiation, (iii) glutamate-induced neuronal activation and (iv) the long-term impairment of motor activity.
Results
Effects of ketamine on the apoptotic death of precursors from cultured E15 GEs. Several parameters, that is, caspase-3 activity, caspase-3 cleavage, BAX expression and mitochondrial integrity were used to investigate the effects of ketamine on apoptotic death in embryonic day 15 (E15) ganglionic eminences (GEs) (Figure 1 ). Although a 6-h exposure of E15 GEs to ketamine (100 mM) had no effect on caspase-3 activity, a significant increase was detected after 24 h (**P ¼ 0.0039, n ¼ 10; Figure 1a) . A pilot experiment in which embryos were sexed showed no difference between females and males with respect to the effect of ketamine on caspase-3 activity (Supplementary Figure 1) . Western blotting studies revealed a significant increase in caspase-3 cleavage (*P ¼ 0.0286, n ¼ 4) after a 24-h exposure to ketamine (100 mM; Figure 1b ). Immunohistochemistry indicated that cleaved caspase-3-positive cells were mainly localized in the median and lateral ganglionic eminence (M/L GE), while low labeling was found in the developing striatum (Str; Figures 1c-f) . Similarly, a significant increase in BAX expression levels was seen after 24 h (*P ¼ 0.0290, n ¼ 4; Figure 1g ). BAX-immunoreactive cells were preferentially localized in the premigratory zone of the MGE (Figures 1h and i) . The use of the ratiometric probe JC-1 showed that ketamine (100 mM) significantly compromised mitochondrial integrity (**P ¼ 0.0084, n ¼ 16) in E15 GEs after 12 h of treatment (Figures 1j-l) .
Effects of ketamine on the apoptotic death of GABAergic precursors in the developing cortex at E15. Western blotting studies using several markers of the GABAergic lineage -Nkx2.1, DlX1 and LHX6 -showed that ketamine (100 mM) induced a significant decrease in protein levels (*P ¼ 0.0411, n ¼ 6; *P ¼ 0.0379, n ¼ 7; *P ¼ 0.0152, n ¼ 6, respectively) whatever the marker considered ( Figures  2a-c) . Histological analysis of cleaved caspase-3-positive cells after exposure to ketamine (100 mM) revealed that in addition to the GEs, immunoreactive cells were also localized along the migratory routes of GABAergic precursors (Figure 2d) . 18 In particular, double immunohistochemistry experiments revealed that the Nkx2.1-immunoreactive region overlapped with that of cleaved caspase-3 (Figures 2e and f) . At higher magnifications, numerous Nkx2.1-positive cells were also positive for cleaved caspase-3 after ketamine treatment (100 mM; Figures 2g and h ). High-magnification acquisitions were done in the cortical regions where Nkx2.1 was expressed (Figure 2i ) and cell quantification by image analysis revealed that ketamine (100 mM) significantly increased the proportion of Nkx2.1 þ -cleaved caspase-3 þ co-labeled cells (**P ¼ 0.0022, n ¼ 6; Figure 2j ).
Long-term effects of prenatal exposure to ketamine on morphometric characteristics of Gad67-GFP interneurons in cortical layers II-IV. For in vivo experiments, pregnant females received daily injections of ketamine (50 mg/kg) from gestational day 15 (GD15) to GD20 in order to induce analgesia for 3 h. The density of Gad67-GFP cells was quantified 45 days after birth. This population of interneurons was observed in cortical layers II-IV (Figures 3a  and b) . When the sex of the animals was not taken into consideration, prenatal exposure to ketamine induced a significant decrease in Gad67-GFP cell density (****Po0.0001, n ¼ 16 (females þ males); Figure 3c ). When sex was considered, the effect of ketamine on Gad67-GFP cell density affected both males (***P ¼ 0.0003, n ¼ 8) and females (*P ¼ 0.0379, n ¼ 8; Figure 3c ). In addition, 3D reconstructions were used to quantify the number of primary neurites in Gad67-GFP cells (Figure 3d ). Prenatal exposure to ketamine reduced the number of primary neurites in males (*P ¼ 0.0159, n ¼ 5) and females (*P ¼ 0.0317, n ¼ 5; Figure 3e ). The quantification by western blotting of green fluorescence protein (GFP) levels revealed a significant reduction in males (**P ¼ 0.0079, n ¼ 5) and females (**P ¼ 0.0079, n ¼ 5) exposed in utero to ketamine (Figure 3f ). In the same way, a decrease of cortical Gad levels was retrieved in males (**P ¼ 0.0079, n ¼ 5) and females (**P ¼ 0.0079, n ¼ 5) exposed to ketamine (Figure 3g ). In order to investigate the effect of ketamine on the entire population of GABAergic neurons, g-aminobutyric acid (GABA) immunohistochemistry experiments were done on Gad67-GFP mice (Supplementary Figure 2) . In the superficial cortical layers II-IV, ketamine (50 mg/kg) induced a decrease of the density of GABAergic interneurons in both males and females (**P ¼ 0.0028, n ¼ 8 and ***P ¼ 0.0006, n ¼ 8, respectively), while no effect was seen in cortical layers V-VI (Supplementary Figure 2) . As dendritic spines are indicative of cell differentiation, we quantified their densities and morphologic subtypes in Gad67-GFP neurons exposed or not to ketamine during prenatal life (Figures 4a-d ). 3D reconstructions of Z-stack confocal acquisitions showed that prenatal exposure to ketamine induced a significant reduction in spine density in both males and females (*P ¼ 0.0200, n ¼ 40 and *P ¼ 0.0222, n ¼ 40, respectively; Figures 4a-c). This effect was also associated with the altered distribution of filopodia, stubby and mushroom subtypes of spines (**P ¼ 0.0089, w 2 -test ¼ 9.445; Figure 4d ).
Effects of prenatal exposure to ketamine on GABA and GABA transporter levels. GABA is the main inhibitory neurotransmitter of the central nervous system. After its release, GABA is removed from the synaptic cleft or extrasynaptic space by transporters of the GABA transporter (GAT) family. One of these, GAT-1, is mostly localized in neurons including Gad67-GFP neurons (Figure 5a ), while another, GAT-3, is mainly detected in glial processes (Figure 5b ). Western blotting experiments showed a significant increase in GAT-1 (*P ¼ 0.0317, n ¼ 5) and GAT-3 Figure 1 Effect of ketamine on induction of apoptosis in E15 GE. (a) Quantification of caspase-3 activity in cultured E15 GEs after 6 and 24 h of exposure to ketamine (100 mM). (b) Quantification by western blotting of the effect of ketamine (100 mM) on caspase-3 cleavage after 6 and 24 h of exposure. Visualization at low (c and d) and high magnifications (e and f; insets) of cleaved caspase-3-positive cells in a control E15 GE (c and e) and after a 24-h exposure to ketamine (100 mM; d and f). GZ, germinative zone; PMZ, premigratory zone; Str, striatum; V, ventricle. (g) Quantification by western blotting of BAX levels in cultured E15 GEs after 6 and 2 h of ketamine treatment (100 mM). Visualization of BAX immunoreactivity in a control E15 GE (h) and after a 24-h exposure to ketamine (100 mM; i). Note that immunolabeling is preferentially localized in the PMZ and not the GZ of the GE. Inset: BAX labeling at high magnification. (j) Quantification of the fluorescent signals (590 nm/530 nm) emitted by the JC-1 probe after a 12-h treatment of the E15 GE with ketamine (100 mM). Visualization of the mitochondrial (orange) and cytosolic (green) forms of JC-1 in a control E15 GE (k) and after a 12-h exposure to ketamine (100 mM; l). Each value represents the means ( ± S.E.M.) of at least four independent experiments. *Po0.05; **Po0.01 for ketamine versus control groups, Mann-Whitney U-test and Wilcoxon signed-rank test (**P ¼ 0.0079, n ¼ 5) expression levels in postnatal day 45 (P45) males previously exposed to ketamine in utero, while no effect was seen in females (Figures 5c and d) . Synaptophysin, a synaptic vesicle glycoprotein, was also quantified, but no difference in its levels was seen in any group (Supplementary Figure 2) . Cortical GABA concentrations were quantified by high-performance liquid chromatography (HPLC; Figures 5e and f). The peak Figure 3 Long-term effect of in vivo prenatal exposure to ketamine on the density of Gad67-GFP cells in the superficial cortical layers II-IV. Cresyl violet staining revealing the different cortical layers in P45 mice (a) and the preferential localization of Gad67-GFP cells in layers II-IV (b). (c) Quantification of the effect of prenatal ketamine exposure on the density of Gad67-GFP neurons in layers II-IV of female and male P45 mice. (d) 3D reconstruction of a Gad67-GFP cell from the neocortex of a P45 mouse. Arrow indicates a primary neurite. (e) Quantification of the effect of prenatal exposure to ketamine on the number of primary neurites in Gad67-GFP interneurons in layers II-IV of female and male P45 mice. (f) Quantification by western blotting of the effect of prenatal exposure to ketamine on GFP levels in female and male P45 mice. (g) Quantification by western blotting of the effect of prenatal exposure to ketamine on Gad levels in female and male P45 mice. For western blotting experiments, each value represents the mean (±S.E.M.) of five independent experiments. For morphometric analyses, each value represents the mean (±S.E.M.) of at least five animals per group. *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001 for ketamine versus control groups, Mann-Whitney U-test Figure 2 Effect of ketamine on protein levels of the GABAergic lineage markers Nkx2.1, DLX1 and LHX6. Quantification by western blotting of Nkx2.1 (a), DLX1 (b) and LHX6 (c) levels in cultured E15 GEs after 6 and 24 h of ketamine treatment (100 mM). Double labeling of cleaved caspase-3-(d) and Nkx2.1-positive cells (e) in the developing cortex of E15 brain slices after a 24-h treatment with ketamine (100 mM). Note that Nkx2.1 labeling partially overlaps with the cleaved caspase-3 signal (f), which is preferentially localized in the previously characterized migratory routes of GABAergic precursors (dashed arrow). Visualization of cleaved caspase-3 and Nkx2.1 doublelabeled cells in the developing cortex from control (g) and ketamine-treated (h) E15 slices. Note the strong co-localization of the two signals after ketamine exposure. The total number of nuclei was visualized by Hoechst labeling. (i) High magnification confocal acquisition visualizing Nkx2.1 cells immunopositive (arrows) or immunonegative (arrow heads) for the cleaved caspase-3. (j) Quantification of the effect of a 24 h (100 mM) ketamine exposure on Nkx2.1/cleaved caspase-3 immunoreactive cells. For western blot studies, each value represents the mean ( ± S.E.M.) of at least six independent experiments. For cell quantification, each value represents the mean ( ± S.E.M.) of 18 ROI from 6 different slices. *Po0.05; **Po0.01 for ketamine versus control groups, Mann-Whitney U-test representing GABA eluted at 35.3 min (Figure 5e ). At P45, the mean concentration of GABA in males from the control group was 0.11±0.02 mM/mg (Figure 5f ). Concentrations were significantly increased in males from the ketamine group (**P ¼ 0.0022, n ¼ 6; Figure 5f ). No difference in cortical GABA levels was found between females from the control and ketamine groups (Figure 5f ).
Effects of prenatal exposure to ketamine on glutamateinduced neuronal activity. As neuronal activity is controlled by the fine tuning between inhibitory and excitatory neurotransmission, we investigated the impact of prenatal ketamine exposure on glutamate-induced intracellular calcium mobilization, an index of neuronal activity ( Figure 6 ). Calcimetry experiments using the ratiometric calcium probe Fura-2 were performed on P15 brain slices ( Figure 6a ). In both females and males from the control group, glutamate (400 mM) induced an increase in intracellular calcium levels in cortical cells (Figures 6a-c) . For both sexes, the glutamate-induced calcium increase was delayed in animals exposed in utero to ketamine (Figures 6b and c) . In addition, the amplitude of the calcium increase was markedly exacerbated (**P ¼ 0.0019, n ¼ 16) in females exposed in utero to ketamine (Figures 6c and d) . The quantification of the GluN1 NMDA receptor subunit showed that ketamine exposure during prenatal life reduced GluN1 protein levels in both males and females (*P ¼ 0.0286, n ¼ 4; Figure 6e ). However, the expression of post-synaptic density protein 95 (PSD95), a MAGUK (membrane-associated guanylate kinase) protein involved in the regulation of excitatory synapses, was differently regulated between males and females, decreased in males (**P ¼ 0.0022, n ¼ 6) but significantly increased in females exposed to ketamine (**P ¼ 0.0087, n ¼ 6; Figure 7a ). Confocal microscopy acquisitions showed that even if not exclusively, PSD95 immunoreactivity overlapped with Gad67-GFP soma and dendrites (Figures 7b-d) . At high magnification, several PSD95-immunoreactive puncta were closely associated with subtypes of Gad67-GFP dendritic spines (Figures 7e-g ). Moreover, the quantification of cortical glutamate levels at P45 revealed a slight but no significant increase in animals exposed in utero to ketamine (Supplementary Figure 3) .
Long-term effects of prenatal exposure to ketamine on locomotor activity. The histological, molecular and functional experiments above have revealed that prenatal exposure to ketamine induces alterations of the cortical GABAergic system of Gad67-GFP adult mice. In order to determine whether these alterations were associated with behavioral defects, we investigated the spontaneous activity of mice placed in a new and dark environment. Both males and females from the control group showed considerable locomotor activity as assessed by the distance covered during the first hour of the experiment (Figures 8a and b) . Progressively, the mice reduced their activity and the distance covered remained stable after 2 h of recording (Figures 8a and b) . No differences were found between males and females from the control group. Similarly, no differences were found between males from the control and the ketamine groups (Figure 8a ). In contrast, the locomotor activity of females from the ketamine group was significantly increased when compared with that of control females (treatment effect yes Po0.0001; time effect yes Po0.0001; Bonferroni post-test *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001 versus control; Figures 8b and c).
Discussion
Using Gad67-GFP mice, the present study shows that prenatal exposure to ketamine during a time-window in which GABAergic precursors are still migrating and differentiating results in (i) strong apoptotic death in the GEs and along the migratory routes; (ii) long-term alterations in interneuron density, primary dendrite numbers and spine morphologies; (iii) a sex-dependent deregulation of GABA and GABA transporter concentrations; (iv) sex-dependent defects in response to glutamate-induced calcium mobilization; and (v) long-term sex-dependent behavioral impairments in locomotor activity.
Ketamine increases the apoptotic death of immature GABAergic neurons in the MGE and migratory routes. In contrast to glutamatergic cortical neurons that originate from progenitors located in the pallium, cortical interneurons are generated in the subpallium and migrate tangentially into the cerebral cortex. 19, 20 In particular, migrating neurons arising from the MGE reach the developing neocortex following several routes through the intermediate and marginal zones. 18 As we observed in a previous study that an NMDA antagonist, MK801, induced the death of immature GABAergic interneurons, 7 we raised the hypothesis of a possible deleterious effect of ketamine on the GABAergic population. Indeed, ketamine is an NMDA antagonist used both as an anesthetic in neonatal pediatrics and as a drug of abuse by young adults. 12, 21 Using cultures of the MGE or whole brain slices from E15 embryos, we found that ketamine increased BAX levels and caspase-3 cleavage and activity, as well as altering mitochondrial integrity (Table 1) . These effects were mainly observed in the MGE and overlapped with the migratory routes of GABAergic interneurons arising from To reinforce these results, we took advantage of the characterization of specific transcription factor expression profiles throughout the migration and differentiation of cortical interneurons arising from the MGE. 20 Ketamine induced a significant decrease in the protein levels of Nkx2.1, DLX1 and LHX6 (Table 1) , and immunohistochemistry showed that most of Nkx2.1-immunoreactive neurons entering the cortex were positive for cleaved caspase-3 after exposure to ketamine. Taken together, these data indicate that ketamine induces the apoptotic death of migrating GABAergic interneurons. In utero exposure to ketamine alters the morphometric characteristics of mature Gad67-GFP interneurons in adult mice. As ex vivo experiments support the view that ketamine specifically interacts with GABAergic interneurons arising from the MGE at E15, we investigated whether in utero exposure to ketamine could durably have an impact on the integration of GABA interneurons into the cortex. Morphometric analyses revealed a significant long-term reduction in GABAergic neuronal density in both male and female Gad67-GFP mice at P45. However, these effects were laminar dependent. Although in superficial layers (II-IV), the density of GFP-and GABA-positive neurons was decreased, in deep layers (V-VI) no difference of GABA density was found between control and ketamine groups. Altogether, these results suggest that ketamine exposure differently had an impact on the GABA interneurons, which colonized the superficial and the deep cortical layers. Interestingly, a recent report revealed that different lineages of GABA progenitors give rise to interneurons populating infra-and supra-granular cortical layers. 22 In particular, the authors showed that early-born interneurons preferentially populated deep layers V-VI, while late-born GABAergic neurons colonized layers II-IV. 22 Taken together, these data suggest a time-or lineage-specific sensitivity of GABA interneurons to ketamine.
3D reconstruction studies indicated that the number of primary neuritis, as well as spine density and subtypes were altered by ketamine in both sexes (Table 2) . Although dendritic spines are typically associated with excitatory neurons, 23 a recent report using Gad65-GFP mice has shown that some types of GABAergic interneurons in the hippocampus also display a substantial number of spines. 24 
Figure 7
Immunohistochemical visualization of PSD95 expression in Gad67-GFP mice and quantification of the long-term effect of in vivo prenatal exposure to ketamine on PSD95 expression levels. (a) Quantification by western blotting of the effect of prenatal exposure to ketamine on PSD95 levels in the cortex of male and female Gad67-GFP mice at P15. (b-d) Low magnification photomicrographs visualizing PSD95 immunolabeling in the cortex of a Gad67-GFP mouse. Although PSD95 immunolabeling is not exclusively found in Gad67-GFP expressing neurons (b), numerous puncta co-localize with soma and dendrites (arrows) of the GABA interneurons (c and d). (e-g) Highmagnification photomicrographs visualizing PSD95 immunolabeling and eGFP fluorescent dendrites. Note that several PSD95-immunoreactive puncta (e) co-localize with eGFP-positive dendrites (arrows) and are associated with different spine subtypes such as stubby (S) or filipodia (f) (f and g). For western blotting experiments, each value represents the mean (±S.E.M.) of at least four independent experiments. **Po0.01 for ketamine versus control groups, Mann-Whitney U-test
In agreement with these results, our data reveal the presence of GABAergic spiny neurons in layers II-IV of the neocortex. Changes in dendritic arborization as well as spine density/ morphology can be correlated with neuronal immaturity and/or differentiation impairments. [25] [26] [27] For example, filopodia are often considered immature spines and become less numerous with age. 27 Moreover, a recent in vitro study showed that calcium influx via NMDA receptor promoted spine maturation, while addition of the NMDA antagonist AP5 to the culture medium prevented morphological change from dendritic filopodia to dendritic spines. 28 Finally, we also found that PSD95 levels were downregulated in males, while they were upregulated in females. As (i) PSD95 is involved in the clustering of NMDARs at the synapses, 29 and (ii) during development, the expression of PSD95 at the post-synaptic density increases with maturation, 30 our data suggest that prenatal exposure to ketamine had a long-term impact on both the survival and differentiation of GABAergic interneurons, and influenced synaptic plasticity in a sex-specific manner.
In utero exposure to ketamine induces sex-dependent alterations of the neurochemical characteristics of the GABAergic system and long-term functional impairments. The present study showed that in utero ketamine exposure induced long-term and sex-dependent alterations of the GABAergic system. In particular, GABA, GAT-1 and GAT-3 levels were significantly increased in males even 45 days after birth ( Table 2 ), suggesting that despite a loss of GABAergic neurons in both sexes, the GABAergic neurotransmission was optimized in males. Consistent with this hypothesis a study from Tan et al. 31 showed that chronic ketamine exposure was able to upregulate the expression of the GABA A receptor in males. In addition, these gender differences were associated with exacerbated glutamate-induced calcium mobilization and higher motor activity only in females from the ketamine group (Table 2) . Several data from the literature could be advanced to interpret this long-term sex-dependent differences. Indeed, a sexual differentiation of the brain during perinatal life has been previously described. 32, 33 In particular, a critical period has been identified in rodents from late embryonic life to the first postnatal week. 34 During this period, (i) the GABAergic system is differentially regulated between males and females (for example, GABA and glutamic acid decarboxylase (GAD) expression levels are higher in males than in females at birth) 35 and (ii) a naturally occurring maturation process of the GABAergic system takes place in the neocortex. 36 Taken together, these results suggest that the compensatory processes that occurred in males and females following in utero ketamine exposure are different. At a physiological level, these differences can be explained by the different gonadal hormone environment between the sexes. 37 Indeed, several studies reported that gonadal hormones exert permanent organizational effects on the developing brain and thereby may induce long-term sexspecific behaviors. 37, 38 Furthermore, factors such as estradiol have been shown to have an impact on the GABAergic transmission. 34 Consistent with these data from the literature, it has also been suggested that sex-specific sensitivity of the GABAergic system during perinatal life could underlie a sex-dependent susceptibility to certain diseases later on. 39 Together, these results suggest that molecular and cellular defects following in utero ketamine exposure are associated with long-term functional impairments. They also raise the Figure 8 Long-term effect of in vivo prenatal exposure to ketamine on spontaneous horizontal locomotor activity in male and female P45 mice. Quantification over 3 h of the total distance covered every 30 min by P45 Gad67-GFP males (a) and females (b). Animals were exposed (D) or not () to ketamine in utero. (c) Visualization of the distance covered by female Gad67-GFP mice from the control and ketamine groups. Each value represents the mean ( ± S.E.M.) of 15 animals per group. *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001 for ketamine versus control groups, Mann-Whitney U-test question of the sex-related outcome of perinatal ketamine exposure in adulthood, which is already suspected for other factors such as bisphenol A, a chemical used in manufacturing plastics that has been shown to impair the GABAergic system in a sex-specific manner, inducing increased GABAergic activity in females throughout life. 40, 41 Does ketamine exposure present a risk during human brain development? In pediatrics, ketamine is used as an anesthetic during surgery and also as an analgesic to reduce pain in newborns, including preterm infants. 21, 42 Based on the present results, in light of the potential for ketamineinduced neurodevelopmental impairments of the GABAergic system in humans, these clinical practices would be reconsidered. Indeed, even if ketamine exposure is limited in terms of duration, in preterm neonates the migration and differentiation of GABAergic interneurons is not yet complete. 17 Even more worrying is the fact that although ketamine (Special K) is routinely used as a drug of abuse 15 and shown to lead to severe damage (e.g., the atrophy of the frontal, parietal and occipital cortices) in the brains of adult consumers with chronic use, 43, 44 its impact on the fetuses of ketamine-consuming pregnant women has not yet been considered.
In conclusion, using the Gad67-GFP mouse model, we show that ketamine exposure during development affects the survival and differentiation of GABAergic interneurons by triggering apoptosis in migrating neurons arising from the MGE, and by affecting their integration into the mature cortex over the long term. These molecular, morphological and functional alterations are associated with long-term sexspecific behavioral deficits. The present data raise the possibility that the use of ketamine in humans could be deleterious to the fetuses of addicted pregnant women and preterm neonates.
Materials and Methods
Animals. FVB-Tg(GadGFP)45704Swn transgenic mice (003718) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and kept in a temperaturecontrolled room (21 ± 1 1C) with a 12 h/12 h light/dark cycle (lights on from 0700 to 1900 h) and free access to food and tap water. In these transgenic mice developed by Oliva et al., 45 GABAergic interneurons arising from the GEs express enhanced green fluorescent protein under the control of the mouse Gad1 gene promoter. Animal care and experimentation complied with French and European guidelines for the care and use of laboratory animals (Council Directive 86/609/ EEC, license number 21CAE035) and were carried out under the supervision of authorized investigators (B.J.G., authorization number7687 from the Ministère de l'Agriculture et de la Pêche).
Chemicals. Ketamine (Ketalar) was obtained from Parke-Davis (Berlin, Germany). NMDA was purchased from Tocris (Bristol, UK). The ratiometric intracellular calcium probe Fura-2 and the pluronic F-127 were from Invitrogen (Cergy Pontoise, France). Cresyl violet (acetate) and Hoechst 33258 were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France). Dulbecco's modified Eagle medium and the nutrient mixture F-12 (DMEM/F12) were from Life Technology (Saint Aubin, France). The Apo-ONE homogeneous caspase-3/7 kit was obtained from (Promega, Fitchburg, WI, USA). The glutamate assay kit was provided by BioVision (Milpitas, CA, USA). Alexa Fluor 488 donkey anti-rabbit IgG (A-21206) and Alexa Fluor 594 donkey anti-rabbit IgG (A-21207) were from Invitrogen. Goat polyclonal antibodies against GFAP (sc6170) and GluN1 (sc1467) and the rabbit polyclonal antibody against BAX (sc493) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit monoclonal antibodies against synaptophysin (ab52636), PSD95 (ab76115) and Nkx 2.1 (ab76013), the goat polyclonal antibody against GFP (ab6673), the rabbit polyclonal antibodies against Dlx1 (ab111202), GAD65/67 (ab49832), GAT-1 (ab426), GAT-3 (ab431), Lhx6 (ab45983) and finally the mouse monoclonal GAPDH (ab8245) were from Abcam (Cambridge, UK). The antibody against GABA (A2052) was from Sigma-Aldrich. The rabbit polyclonal antibody against cleaved caspase-3 (9661) was purchased from Cell Signaling Technology (Boston, MA, USA). The JC-1 mitochondrial probe was purchased from Molecular Probes (Leiden, The Netherlands). The ECL RPN 2108 kit for western blotting was from Amersham (Orsay, France).
Preparation and treatment of E15 GE slices. Brain cortex slices were obtained from E15 mice. Although early tangential migration from the MGE begins around E11.5 in the mouse, slices prepared from E15 embryos contain, in addition to proliferating precursors, a large number of migrating cells in the developing Abbreviation: MGE, median ganglionic eminence; r, significantly decreased; s, significantly increased Table 2 Summary of the long-term effects of prenatal ketamine exposure on morphological, molecular, functional and behavioral parameters in female and male Gad67-GFP mice in vivo 46, 47 In practice, pregnant mice at GD15 were killed by cervical dislocation. The fetuses were rapidly removed and placed in DMEM/F12 at 4 1C. The fetuses were killed by decapitation and their brains rapidly dissected in order to isolate the hemispheres. The overlying meninges were carefully removed and the neocortex immediately placed in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl, 125; KCl, 3; CaCl 2 , 2; NaH 2 PO 4 , 1.2; MgSO 4 , 1.2; NaHCO 3 , 26; D-glucose, 10; pH 7.4. Transverse slices (250 mM) were cut at 4 1C on a VT1000S Leica vibratome (Reuil-Malmaison, France), transferred to 24-well Costar plates (Cambridge, MA, USA) containing aCSF, and incubated for a 30-min recovery period at 37 1C in a humidified incubator under a controlled atmosphere of 5% CO 2 /95% air. Next, slices were washed with fresh aCSF and treated for 12 or 24 h with 100 mM ketamine at 37 1C.
Gad67-GFP mice
Determination of sex in embryos. For experiments performed on E15 GE slices, a control experiment was done to determine whether the effects of ketamine on apoptosis differed between females and males (Supplementary Figure 1) . Embryos were sexed by amniotic cell staining. 48 Briefly, the amnion was isolated from the extra-embryonic membranes and fixed for 1 min in 3:1 methanol:glacial acetic acid in a Petri dish. Cells were stained for 5 min in 1% aqueous toluidine blue. After a 2-min wash in water, the membrane was crushed between a slide and a coverslip before microscopic observation. Unlike in males, amniotic cells from female embryos are characterized by a dense chromatin body at the periphery of the nucleus, which is clearly distinguishable from the paler, centrally located nucleoli (Supplementary Figure 1) .
Measurement of caspase-3 activity. For caspase-3 activity measurements, GEs from E15 brain slices were microdissected, homogenized in 500 ml of hypotonic lysis buffer and 20 mg of proteins were incubated at 30 1C with 100 ml of caspase-3 buffer containing 1 ml of the caspase-3 substrate Z-DEVD-R110 provided with the Apo-ONE homogeneous caspase-3/7 kit (Promega). For each condition, the ipsilateral GE of the slice was used as control. Fluorescence intensity was quantified every 5 min for 2 h at excitation and emission wavelengths of 485 and 520 nm, respectively, using a Chameleon plate reader (Mustionkatu, Turku, Finland).
Measurements of mitochondrial integrity. Mitochondrial membrane potential was observed using the ratiometric probe JC-1. In healthy cells, the intact membrane potential allows the lipophilic dye JC-1 to enter the mitochondria where it accumulates and aggregates, producing an intense orange signal. In cells where the mitochondrial membrane potential has collapsed, the JC-1 probe remains unaggregated in the cytosol, where it is labeled green. 49 Acute E15 GE slices were treated for 10 h at 37 1C in the absence or presence of 100 mM ketamine, incubated for 30 min with 3 ml/ml JC-1 and finally washed twice for 5 min with phosphate buffer saline (PBS) at the same temperature. Fluorescence was visualized immediately without prior fixation at 485 and 530 nm excitation and emission wavelengths for green and 550 and 590 nm excitation and emission wavelengths for orange fluorescence, respectively. Green and orange signals were acquired and saved in TIFF format using a computer-assisted image analysis station (Metamorph, Roper Scientific, Evry, France).
In vivo exposure of Gad67-GFP mice to ketamine. Ketamine (50 mg/kg) was administered daily by subcutaneous injection to pregnant FVB-Tg(GadGFP)45704Swn transgenic mice from GD15 to birth. Ketamine treatment was carried out at the same hour (1000 h) every day and the dose of ketamine chosen to induce analgesia for 3 h. The dose administered was based on previous comparative studies: in human, doses of ketamine recommended for sedation-analgesia ranged from 2 to 4 mg/kg i.m. and for anesthesia from 4 to 10 mg/kg i.m. 50 In mice, the dose of ketamine required to induce sedation is 80 mg/kg i.m. 51 A previous study from Young and co-workers 52 mentioned that in mice, doses of ketamine to induce analgesia/anesthesia are 8 to 16 times higher than those required for human and that such differences to induce a similar effect result, almost in part, from species characteristics in term of clearance properties. The control group was treated with 0.9% NaCl solution. No modification of the body weight of pregnant mice was seen between control and ketamine-treated groups, whereas the body weight of male and female pups from the ketamine group was significantly reduced (Po0.05; Supplementary  Figure 4 ). After birth, pups were raised up to P45 to perform behavioral studies while the neurochemical and histological experiments were conducted in the sensorimotor cortex.
Immunohistochemistry. Brain slices from P45 animals were fixed overnight with 4% PFA in PBS and incubated overnight at 4 1C, with different primary antibodies diluted in incubation buffer (PBS containing 1% bovine serum albumin and 3% Triton X-100). Next, the slices were rinsed twice with PBS for 20 min and incubated in the same buffer containing the appropriate secondary antibody. Immunofluorescence images at low magnification were obtained by wide-field microscopy using a Leica DMI 6000B microscope and, afterwards, acquired images were deconvolved using the AutoQuant X 3 software (Media Cybernetics Inc., Rockville, MD, USA). For high-magnification images, acquisitions were done using a Leica TCS SP2 AOBS confocal laser scanning imaging system (Leica Microsystems AG, Nanterre, France). The specificity of the immunoreactions was verified by omitting the primary antibodies.
Quantification of Nkx2.1-positive cells immunoreactive for cleaved caspase-3. High-magnification images were acquired in the cortex of E15 brain slices by confocal microscopy and saved in a TIFF format. Images were subsequently opened in the Metamorph software and a grid was affixed on the image defining three regions of interest (ROIs). For each ROI, three parameters were quantified by using the 'count objects' application of the software, that is, the number of Hoechst-, cleaved caspase-3-and Nkx2.1-positive cells. Afterwards, results were expressed as 'Nkx2.1 þ -cleaved caspase-3 þ ' co-labeled cells normalized to Hoechst þ cells.
Western blot analysis. Cortices or GEs from control and ketamine-treated animals were homogenized in 300 ml of lysis buffer (50 mM Hepes; pH 7.5; 150 mM NaCl; 10 mM EDTA; 10 mM glycerophosphate; 100 mM sodium fluoride; 1% Triton X-100; 1 mM PMSF and PI cocktail). After centrifugation of the homogenate (20 000 Â g, 15 min), the supernatants were used for western blotting. Fifty micrograms of protein extracts from cortical samples were suspended in Laemmli buffer (100 mM Hepes; pH 6.8; 10% b-mercaptoethanol; 20% SDS), boiled for 5 min and loaded onto a 10% SDS-polyacrylamide gel. After separation, proteins were electrically transferred onto a nitrocellulose membrane. The membrane was incubated with blocking solution (1 Â TBS; 0.05% TWEEN 20; 5% non-fat milk) at room temperature for 1 h and incubated overnight with primary antibodies raised against BAX, cleaved caspase-3, DLX1, GAPDH, GluN1, GFP, GAT-1, GAT-3, LHX6, Nkx2.1, PSD95 and synaptophysin. After incubation with the corresponding secondary antibodies coupled to peroxidase (Santa Cruz Biotechnology), proteins were visualized using an enhanced chemiluminescence ECL Plus immunoblotting detection system (Amersham Biosciences Europe GmbH, Freiburg, Germany). The intensity of the immunoreactive bands was quantified using a blot analysis system (Bio-Rad Laboratories, Marne la coquette, France) and GAPDH was used as a loading control. Commercial markers (Seeblue pre-stained standard, Invitrogen) were used as molecular weight standards.
Measurement of intracellular calcium levels. Organotypic brain slices obtained from P15 mice were incubated for 15 min in aCSF containing 10 mM Fura-2 AM and 0.03% pluronic F-127. The slices were then washed twice for 5 min in aCSF at 37 1C and each slice was transferred to a 35-mm dish containing 1 ml of aCSF and immobilized using a nylon mesh. The temperature of the aCSF was kept constant at 37 1C and the slice was rinsed with aCSF. One volume of glutamate 400 mM was perfused into an equal volume of aCSF bathing the slice. The fluorescent signals associated with calcium-free and calcium-bound Fura-2 were measured by alternatively exciting the slices at 340 and 380 nm using a Leica DM fluorescent microscope equipped with a rapid shutter wheel. The emitted fluorescence was collected at 510 nm and the ratio of the two signals calculated using Metamorph software (Roper Scientific, Evry, France). Data were exported to the biostatistics software Prism (GraphPad Inc., San Diego, CA, USA), which was used to compute the maximal fluorescence intensity and the area under the curve.
Quantification of densities of Gad67-GFP cells and primary neuritis. For measurement of Gad67-GFP and GABAergic cell density, images were acquired and saved in TIFF format with a confocal laser scanning microscope (Noran Instruments, Middleton, WI, USA) using INTERVISION software (Noran Instruments). Images were subsequently opened in Mercator software and ROIs were drawn. Afterwards, a counting frame was defined within the ROI and a threshold was set in order to differentiate GFP-positive and GABApositive cells from the background. By a segmentation process, the computer calculated the number and the cumulated area of objects within the ROI, yielding cell number and cell density, respectively. For the measurement of Gad67-GFPpositive processes, a reference focal plane corresponding to the Gad67-GFP cell body was first defined. Next, Z-series of four images were acquired with a 2-mm step on both sides of the reference plane and saved in TIFF format. Afterwards, acquired images were deconvolved and compiled for 3D reconstruction using AutoQuant X 3 deconvolution software, for the quantification of the number of primary neurites per cell body.
Quantification of dendritic spine densities and morphology. The fine network of secondary and tertiary dendrites was acquired by confocal microscopy using a Leica DMI 6000B microscope and a Leica TCS SP2 AOBS confocal laser scanning imaging system (Leica Microsystems AG). Z-stack series of images were later deconvolved using AutoQuant X 3 deconvolution software and loaded into IMARIS imaging software (Bitplane, Zurich, Switzerland) for 3D reconstruction. The Filament Tracer function was used to assign and classify spines, yielding spine density and spine categories (stubby, filopodial or mushroom-shaped). Quantification was done on three slices per animals and three animals per group were analyzed. In particular, for a given slice, two ROIs were defined, two to three dendrites were quantified per ROI and the total number of quantified neuritis was fixed at 40 per group.
Determination of cortical GABA content. At P45, control and ketamine-exposed animals were killed by decapitation. The brains were quickly removed, the cortex were dissected on ice and homogenized by sonication at high frequency (70 Hz) for 4 s using a VibraCell Sonicator (Sonics and Materials, Newtwon, CT, USA) in ice-cold perchloric acid (0.1 mol/l) containing 1 g/l cysteine.
Homogenates were centrifuged (10 000 Â g, 10 min) and the supernatants filtered by pressure through 0.45-mm filters (Millipore, Courty Cork, Ireland) before GABA content determination. The pellets were resuspended in NaOH (0.1 M) and used for protein determination. Levels of GABA were determined by HPLC using a prior derivatization at 4 1C by adding 30 ml of sample to 10 ml of reactive solution prepared from o-phthaldialdehyde (40 mM) in 0.4 M borate buffer (pH 10.4) containing ethanol (100 g/l) and 2-mercaptoethanol (4 g/l). The 3-mn derivatization was followed by separation and detection using an HPLC system with electrochemical detection. A C18 reversed-phase column (3.0 Â 150 mm, 3 mm; Supelcosil, Sigma-Aldrich, Bellefonte, PA, USA) was coupled with an electrochemical detector (Decade II, Antec Leyden) with a glassy carbon electrode set at 0.6 V versus a Ag/AgCl reference electrode. The mobile phase consisted of Na 2 HPO 4 (0.1 M), methanol (240 g/l) and Na 2 EDTA (0.15 mM) (pH 5.5), filtered through 0.45-mm filters (Millipore) and delivered by a pump (Spectrasystem P1000XR, Thermo Fisher Scientific, San Jose, CA, USA) at a flow rate of 0.3 ml/min. Samples (20 ml) were then injected into the HPLC system by means of an automatic device (AS 300; Spectra Physics, Santa Clara, CA, USA).
Chromatograms were recorded and integrated using PC integration Azur software (Datalys, Le Touvet, France).
Glutamate concentration assay. The glutamate concentrations from P45 cortex extracts were quantified following the instructions provided within the glutamate assay kit. In practice, several dilutions of cortex extracts from control and ketamine-exposed animals were incubated with 100 ml of assay buffer in a 96-well plate. Afterwards, 100 ml of reaction mix was added to each well and the plate was incubated for 30 min at 37 1C prior measurement. The glutamate enzyme mix provided in the kit recognizes glutamate as a specific substrate leading to colorimetric quantification at 450 nm using a Chameleon plate reader (Mustionkatu, Turku, Finland). After background correction, glutamate concentrations were calculated using the glutamate standard curve.
Measurement of locomotor activity. Locomotor activity was assessed using a Versamax 4.2 apparatus (Accuscan Instruments Inc., Columbus, OH, USA). Animals were isolated for 10 min in individual cages before being placed in individual 20 cm Â 20 cm Â 30 cm compartments to limit anxiety, in a dark, sound-attenuated and temperature-regulated (20±1 1C) room. 53 This test takes advantage of a rodent's natural tendency to explore a new environment. The recording apparatus was connected to a computer to process the data. Horizontal locomotor activity (the number of infrared beams crossed) and vertical locomotor activity (the number of infrared beams broken up to a height of 9 cm) were measured during six consecutive 30-min periods. In addition, video tracking using ANY-maze software (Stoelting, Wood Dale, IL, USA) was also performed to illustrate quantitative data acquired with the actimeter.
Statistical analysis. Statistical tests were run using the biostatistics software Prism (GraphPad Inc.). To analyze the effects of ketamine on caspase-3 activity, statistical analyses were used to compare the ketamine-treated ipsilateral side versus the control contralateral side using the Wilcoxon signed-rank test. To analyze the effects of ketamine on mitochondrial integrity, cell density, primary neurite and spine numbers, Nkx2.1-cleaved caspase 3 co-labeled cells, GABA and glutamate concentrations, western blot data and calcimetry, statistical analyses were used to compare ketamine-treated versus control conditions using the Mann-Whitney U-test. Locomotor activity was analyzed by two-way ANOVA (time/treatment) followed by Bonferroni's post test. For the distribution of spine subtypes, a w
